Molecular simulations have been used to evaluate the effect exerted by metal centres on the adsorption and diffusion of hydrogen in metal-organic frameworks. Simulations were carried out for the MIL-53 (Cr and Al) structures and the isostructural vanadium analogue MIL-47 at room temperature. To validate the models and force fields used in this work, the adsorption isotherms, energies and entropies, and self-diffusivities in Cu-BTC and IRMOF-1 metal-organic frameworks were computed. Using the validated force fields and models, a detailed analysis of the preferential adsorption sites is reported, allowing the energetic contribution in the low-coverage regime (Henry constants and adsorption energies and entropies) to be determined as a function of loading (adsorption isotherms). The influence of each energetic contribution to the charged and uncharged models of hydrogen has also been analyzed.
INTRODUCTION
Hydrogen is a good candidate as a potential fuel due to its high energy content. The term "hydrogen economy" was first reported by Lawrence W. Jones in 1970 with hydrogen envisioned as a clean alternative to fossil fuels. The main advantages of its use are its clean burning without the release of pollutants, its potential use in a fuel cell and its renewable nature. Despite these advantages, hydrogen has not been used as extensively as expected because of storage difficulties. Thus, hydrogen storage has become a major challenge in the development of the "hydrogen economy".
A variety of works have dealt with the advantages and disadvantages of using hydrogen as a fuel, the hydrogen-storage requirements and the search for the most promising materials to achieve such requirements. The now well-established metal-organic frameworks (MOFs) might possibly provide alternative solutions because of the simple procedures for their synthesis procedure, their porosities and their high surface areas (Ferey et al. 2003; Panella and Hirscher 2005; Panella et al. 2006; Rosi et al. 2003; Furukawa et al. 2010; Lim et al. 2010 ). Furthermore, these structures exhibit accessible free pore volumes which can be easily tuned by changing either the metal centres or the organic linkers Wang et al. 2010; Wu et al. 2010; Mavrandonakis et al. 2009 ). The chemical versatility of MOFs offers a good opportunity to control the strengths of interactions with hydrogen, by subtle modifications of the metal parts (Ferey et al. 2003) . However, despite the interesting properties of these structures, the practical application of MOFs as hydrogen-storage materials by physisorption remains a formidable challenge.
The search for new MOFs with high hydrogen storage capacity has fostered experimental and simulation studies in the field (Panella and Hirscher 2005; Rosi et al. 2003; Furukawa et al. 2010; Lim et al. 2010; Li et al. 2009; Jia et al. 2009; Mulder et al. 2010; Yang and Zhong 2006; Frost and Snurr 2007; Vitillo et al. 2008) . According to these studies, to have a high storage capacity MOFs should incorporate factors such as (i) stable and robust topologies, (ii) large free volumes, (iii) low crystal density, (iv) suitable pore sizes and (v) open metal sites. In addition, they should be able to store a reasonable amount of hydrogen at room temperature and moderate pressures. Bearing these conditions in mind, the present study reports an exploration of the effect of topology and metal centres on the adsorption and diffusion of hydrogen in IRMOF-1, Cu-BTC and MIL-53 topologies with aluminium, chromium and vanadium (MIL-47). The Henry coefficients, adsorption energies and entropies, adsorption isotherms and self-diffusivities have been computed. In order to analyze preferential sites and energetic contributions in the different metal-organic frameworks, simulations have been performed for three hydrogen models: a charged model and two uncharged models. The models and simulation methods are detailed in Section 2. The results obtained are discussed in Section 3, while the main conclusions of the study are summarized in Section 4.
SIMULATION METHODS AND MODELS
Monte Carlo simulations in the NVT ensemble (Henry coefficients, energies and entropies of adsorption) ) and in the grand canonical ensemble (adsorption isotherms) were employed to compute the adsorption of hydrogen in MOFs. Pressure was converted to fugacity using the Peng-Robinson equation of state. At least 10 7 cycles of Monte Carlo trial moves were necessary, and in each cycle one move was chosen at random with a fixed probability of translation, rotation and re-growth in a random position (Calero et al. 2004 ).
The self-diffusivity coefficients were obtained from Molecular Dynamics (MD) simulations in the NVT ensemble. These coefficients were computed from the slope of the mean-squared displacement (Dubbeldam et al. 2006) . Errors due to deviation from linearity and statistical factors were estimated at 10%. Hydrogen molecules have been described via two non-charged models (M1 and M2) and a charged model (M3). Models M1 and M2 treat the hydrogen molecule as a non-charged spherical single bead. The Lennard-Jones parameters necessary to model the interactions between molecules were taken from Buch (1994) (model M1) and from Darkrim and Levesque (1998) (model M2). Model M3 treats the hydrogen molecule as a rigid, diatomic molecule with H-H distances fixed at 0.74 Å. This is the model defined by Darkrim and Levesque (1998) with a Lennard-Jones core located at the centre of mass of the molecule, and with point charges of magnitude q = 0.468e at the position of the two hydrogen atoms and -2q at the centre of mass.
The metal-organic frameworks were considered rigid in the present work. IRMOF-1 consists of a cubic array of Zn 4 O(CO 2 ) 6 units connected by phenylene links (Li et al. 1999) . This results in a structure with alternating small cavities ca. 11 Å in diameter and larger cavities ca. 14.4 Å in diameter. A single unit cell contains 424 atoms of which 32 are zinc, 104 oxygen, 96 hydrogen and 192 carbon. Due to chemical equivalence, the carbon and oxygen atoms are divided into three and two groups, respectively. Hence C a is the carbon atom of the carboxylate group, C b is the α-carbon and C c the β-carbon. In the case of the oxygen atoms, O a is coordinated to two zinc atoms and O b is a carboxylate oxygen coordinated to one zinc atom (Martin-Calvo et al. 2008) .
Cu-BTC (BTC: benzene-1,3,5-tricarboxylate) was first reported by Chui et al. (1999) . It is a metal coordination polymer based on copper as the metal centre and benzene-1,3,5-tricarboxylate as the linker molecule. It is formed by primary building blocks connected to form a face-centred cubic crystal framework, and secondary building blocks forming octahedron-shaped pockets accessible to small molecules through small windows. The unit cell of Cu-BTC contains 624 atoms of which 48 are copper, 192 oxygen, 96 hydrogen and 288 carbon. The carbon atoms are divided into the same three groups as in IRMOF-1 Garcia-Perez et al. 2009 ). MIL-47 (Barthelet et al. 2002) and MIL-53 topologies with aluminium (Loiseau et al. 2004 ) and chromium consist of diamond-shaped straight channels, where the metal centres lie at the vertices and the organic molecules make up the walls of the channels. MIL-47 is formed by vanadium cations coordinated to six oxygen atoms, forming chains linked by terephthalate anions. The crystal structure was taken from Alaerts et al. (2007) (CCDC 632101-632104) 1 ; the unit cell contains 72 atoms of which four are vanadium, 20 oxygen, 16 hydrogen and 32 carbon. The carbon and oxygen atoms are classified into two and three groups, respectively, depending on the atoms next to them and follow the same criteria as for IRMOF-1 and Cu-BTC. Hence, C c is the carbon atom of the carboxylate group, C a is the α-carbon and C b the β-carbon, O a is coordinated to two vanadium atoms and O b is a carboxylate oxygen coordinated to one vanadium atom Finsy et al. 2009 ).
MIL-53 topologies are formed by metal cations (aluminium or chromium) associated with six oxygen atoms, forming chains linked by terephthalate anions. The crystal structures were taken from the Cambridge Crystallographic Data Centre (CCDC 220476, 220477 and 181154). The unit cells contain 76 atoms of which four are metal (aluminium or chromium), 20 oxygen, 20 hydrogen and 32 carbon atoms. The carbon, oxygen and hydrogen atoms are classified into two, three and two groups, respectively, depending on their environment. Hence, atoms are labelled in a similar fashion to the MIL-47 case, the sole difference being that, unlike in MIL-47, two types of hydrogen atoms are defined: H a hydrogen atoms belonging to µ-OH bridges between metal atoms and H b hydrogen atoms bonded to carbon C b . For the sake of clarity, the labels are further illustrated in Figure 1 .
The Lennard-Jones parameters for the structures were taken from DREIDING forcefield (Mayo et al. 1990 ), except those for Cu, V, Al and Cr that were taken from the UFF forcefield (Rappe et al. 1992) . Atomic charges were taken from Frost and Snurr (2008) for IRMOF-1 and Cu-BTC. For MIL-47 and MIL-53 topologies, the atomic charges were computed in this work. Thus, a sub-structure of the unit cell was extracted, based on a single terephtalate anion, four metal cations and two O 2-(MIL-47) or OH -(MIL-53) anions. The missing coordination on the metal cations was completed with deprotonated malonaldehyde. This cluster contains sufficiently exposed atoms for a reliable charge determination by electrostatic fitting using the CHelpG method. Calculations were performed using the gaussian program (Frisch 2003) . The complete set of parameters and charges used in the present work for adsorbates and adsorbents can be found in supporting information [Table 1 (a,b)] 2 . The unit cell parameters, the crystal densities for each structure, the number of unit cells used during the simulations, and the computed pore and void volumes are compiled in Table 1 .
The interactions between the hydrogen and the metal-organic frameworks were modelled by Lennard-Jones and coulombic potentials. We have used the Lorentz-Berthelot mixing rules to calculate the Lennard-Jones interactions, and Ewald summations with a relative precision of 10 -6 to compute the coulombic interactions. The Lennard-Jones potential was cut and shifted with the cut-off distance set to 12 Å.
RESULTS AND DISCUSSION
To validate the Lennard-Jones parameters used in the present work, simulations were performed to obtain the adsorption and diffusion of hydrogen at 298 K in IRMOF-1 and Cu-BTC. The computed values were compared to the experimental and simulation data available in the literature. Figures 2 and 3 show the adsorption isotherms for IRMOF-1 ( Figure 2) and Cu-BTC ( Figure 3) . The isotherms obtained are in very good agreement with previous experimental (Panella et al. 2006; Rosi et al. 2003; Yang and Zhong 2006a; Rowsell and The computed self-diffusivities for IRMOF-1 in the range 10-40 molecules per unit cell were in excellent agreement with the values calculated by Skoulidas and Sholl (2005) under the same conditions and reproduced the moderate decrease with loading found by these authors. Diffusion coefficients were lower overall in Cu-BTC than in IRMOF-1.
The simulation results obtained for hydrogen in Cu-BTC with models M2 and M3 were mostly equal, indicating that the adsorption and diffusion of hydrogen was dominated by van der Waals interactions for this particular structure. This was corroborated by the simulation results obtained using model M1, which differed from model M2 by a negligible increase in σ of 0.068% and by a 6.8% reduction in ε. As shown in Figure 4 , a 6.8% reduction in ε led to a decrease of ca. 3.5-4.5% in the heats of adsorption, and also to a lower loading of hydrogen in the structures at the highest pressures (Figures 2 and 3) .
To study the effect exerted by the type of metal centre on hydrogen adsorption and diffusion, simulations were performed on MIL-47 (V) and on the open structures of MIL-53 (Al and Cr). MIL-53 metal-organic frameworks have been shown to exhibit a "breathing" phenomenon upon hydration/dehydration (Loiseau et al. 2004; . For this reason, and with the aim of checking the influence of this breathing on the adsorption of hydrogen, simulations were further performed for the closed MIL-53 (Al) structure. The computed adsorption isotherms for all the structures provided evidence that the adsorption of hydrogen under these conditions (298 K and pressures spanning the range 10 2 -10 4 kPa) was more influenced by the accessible pore volume in the structure than by the type of metal centre. Hence, as shown in Figure 5 (Panella et al. 2006; Li and Yang 2008) . similar up to 10 -3 kPa. At the highest pressure values, the adsorption obtained for the structures with Al (void fraction = 66%) were ca. 15% higher than those obtained for the structure with V (void fraction = 61%) and 25% higher than the loading obtained for the structure with Cr (void fraction = 55%). The effect of the pore volume on the adsorption was also clearly observed for the closed MIL-53 (Al) structure. This structure had a void fraction of 8%, i.e. 88% lower than the void fraction for the open MIL-53 (Al). Consequently, the adsorption obtained at the highest pressures for the former was ca. 90% lower than that obtained for the latter. The non-charged models M1 and M2 provided similar results, as reported in the supporting information (Figures 1s and 2s) 
Henry coefficients, isosteric heats of adsorption, free energies and adsorption entropies were computed for all the structures at several temperatures (supporting information Tables 4s-7s) 2 . In general, the highest heats of adsorption corresponded to the closed structure of MIL-53 with aluminium. This was followed by the open structures containing aluminium, chromium and vanadium. For a given temperature, the Henry coefficients obtained for the three open structures were very similar, with these values being much larger than the Henry coefficient obtained for the closed structure. Figure 6 illustrates the temperature dependency of the heats of adsorption in the two MIL-53 (Al) structures. It is interesting to note the differences observed (1) for the closed and 830 R. open structures and (2) for the charged (M3) and non-charged models (M2 and M1). For the three models considered, the heats of adsorption obtained were higher for the closed structure than for the open structure up to 200 K. At temperatures higher than 200 K, the heats of adsorption computed with the non-charged models in the closed structure became lower than those obtained for the open structure. This implies that the adsorption of hydrogen at the highest temperatures was less favourable in the closed structure than in the open structure, when only van der Waals interactions were considered. However, the adsorption of hydrogen is dramatically favoured if the charged model M3 is used. These results emphasize the influence of coulombic interactions when molecules are tightly confined in the structure. Differences in the molecular confinement are shown in Figure 7 below, where the average occupational profiles in MIL-53 (Al) obtained for the open and the closed structure with the charged model are plotted. The occupational profiles obtained with models M1 and M2 as well as those obtained for the structures with chromium and vanadium are collected in the supporting information (Figures 3s-5s 
Average distances between the hydrogen molecules and metal centres for MIL-47, MIL-53 (Cr) and MIL-53 (Al) were also computed. The open structures provided similar average distances (ca. 5.3-5.4 Å), which were larger than those obtained for the closed MIL-53 (Al) structure (ca. 4.2 Å) where the hydrogen molecules were better confined. Surprisingly, the minimum distances between the hydrogen molecules and the nearest metal centres seemed less affected by the confinement. The lowest value was obtained for the structure with vanadium (ca. 2.8 Å), followed by the closed structure with aluminium (ca. 3.0 Å), and then the open structures of chromium and aluminium (ca. 3.1 Å). To validate the method, we initially computed the minimum distances between hydrogen and the metal centre for Cu-BTC and obtained a value (2.2 Å) which is in full agreement with other values recently reported .
Another popular approach to characterizing the structure of a material is via the use of radial distribution functions (RDF). Thus, in Figure 8 , the radial distribution functions between MIL-53 (Cr) and the centre of mass of the hydrogen guest atom at different amounts of molecules per unit cell are shown. At low loadings, the hydrogen guest atoms were preferentially located in a broad distribution at ca. 8 Å. However, as the loading increased, a new peak at ca. 5 Å developed. In other words, hydrogen atoms were now also increasingly found at 5 Å, a location where the population (and pressure) increase had forced them despite its energetic unfavourability. RDFs were also computed for the structure with vanadium and aluminium (see Figures 6s-8s in the supporting information) 2 . What this study of RDFs showed is that hydrogen molecules and metal cations do not generally come close together, unlike benzene rings and hydrogen molecules (not shown). 
(b)
Another way of studying the structure of materials is by calculating the order parameter, S 2 , defined as the second Legendre polynomial:
When applied to the hydrogen guest, it was found in all cases that the order parameter was 0. This means that the distribution of orientations of the hydrogen molecules was isotropic at high and low loadings, in open and in closed structures.
The calculated self-diffusivities for model M3 of hydrogen in all the structures as a function of loading are compiled in Table 2 . In all cases, due to steric effects, the self-diffusivities decreased as the loading increased. In a similar manner to the adsorption results, the closed structure exhibited a different behaviour for self-diffusivity from all other structures in this study, including Cu-BTC and IRMOF-1. For these structures, self-diffusion coefficients were several orders of magnitude lower than the open structures considered. All three open structures showed similar self-diffusion coefficients at a given loading, a result that is consistent with their very similar Henry coefficients (Tables 4s-6s in the supporting information) 2 . Thus, the open aluminiumcontaining MOF, for example, exhibited the highest Henry coefficient and the lowest self-diffusivity. The self-diffusivities obtained using models M1 and M2 were very similar to those obtained with model M3, as can be seen from the data listed in Table 8s in the supporting information 2 . Diffusion was slightly higher in vanadium-and chromium-containing MOFs than in the open aluminium form, as was previously found in model M3.
CONCLUSIONS
The adsorption and diffusion of hydrogen in several MOFs at room temperature has been studied using molecular simulations. The MOFs taken into consideration were chosen by the availability of previous data for validation (Cu-BTC and IRMOF-1) or by being isostructural analogues of MIL-53, differing in the type of metal centre (Cr, Al or V). Monte Carlo and molecular dynamics simulations showed that the type of metal centre influenced hydrogen adsorption in MIL-53 topologies at low pressures, whilst other material properties such as free volume played an important role at high pressures. Based on the reported findings, it may be concluded that, in order to have a high storage capacity, a given metal-organic framework should incorporate the advantages of an adequate metal centre combined with a large free volume and a suitable pore size. 
